The relationship of the osmotic pressure gra dient between blood and brain, and the development of ischemic brain edema was studied. Focal cerebral isch emia was produced by left middle cerebral artery occlu sion in rats. Brain osmolality was determined with a vapor pressure osmometer, brain water content by wet dry weight, and tissue sodium and potassium contents by flame photometry. Permeability of the BBB was tested by Evans blue. Measurements were made from the ischemic cortex within 14 days of occlusion. Brain osmolality in creased from 311 ± 2 to 329 ± 2 mOsm/kg by 6 h after occlusion. Serum osmolality did not change significantly. The osmotic gradient between blood and brain peaked at �26 mOsm/kg. Brain osmolality then decreased to 310 ±
Water movement across the BBB into brain tissue presumably follows the Starling equation (Fenstermacher, 198 4; Rapoport, 1978 ) . Many factors modify the edema process, but their contri butions to the formation and resolution of brain edema are poorly understood. These factors in clude cerebrovascular permeability, capillary hy draulic conductivity, hydrostatic and osmotic pres sure gradients, and tissue compliance and conduc tivity.
Occlusion of a major end artery of the brain causes edema of varying degrees in and around the region supplied by that artery. Ischemic brain edema depends primarily on the duration and depth of ischemia (Astrup et aI., 198 1; Bell et aI., 198 5) . In addition, hydraulic conductivity of capillary as well as hydrostatic and osmotic pressure gradients between blood and brain probably have an impor tant role in the ischemic edema process.
2 mOsm/kg by 12 h after occlusion and remained at about that same level. Water content increased progressively within I day of occlusion, then gradually decreased by 14 days. Brain tissue sodium plus potassium content did not increase within 6 h of occlusion, and Evans blue extrava sation was not seen within that time. These findings indi cate that an osmotic pressure gradient contributes to the formation of edema only during the early stage of cere bral ischemia. Furthermore, the increase in brain osmo lality is not related to tissue electrolyte change or BBB disruption to protein. Key Words: Blood-brain barrier Brain edema-Cerebral ischemia-Brain electrolytes Brain osmolality.
We recently demonstrated that a hydrostatic pressure gradient across the capillary develops within minutes after the onset of ischemia and is the driving force for early accumulation of edema fluid (Hatashita and Hoff, 1986a,b) . We also have shown that as the ischemic injury progresses, edema fluid accumulates in highly compliant brain parenchyma, then migrates through highly conduc tive tissue into the CSF spaces and is driven by a hydrostatic pressure gradient between the edema tous tissue and the CSF (Hatashita and Hoff, 198 8a) . It remains unclear how osmotic pressure gradients across capillaries are associated with hy drostatic pressure gradients and hydraulic conduc tivity and how those gradients are influenced by the duration and degree of ischemia.
The present experiment was designed to study whether an osmotic gradient across the capillary is associated with the development of ischemic brain edema and, if so, how the gradient is related to tissue electrolytes and permeability of the BBB. We attempted to clarify the relationship between brain tissue osmolality, brain edema, tissue sodium and potassium, and the integrity of the BBB in rats with focal cerebral ischemia.
MATERIALS AND METHODS

Surgical preparation
Adult male Sprague-Dawley rats, weighing 300-400 g, were anesthetized by an intramuscular injection of keta mine hydrochloride (40 mg/kg) and xylazine (10 mg/kg). Oxygen was given via a closely fitting face mask. Body temperature was maintained at 37 ± 0.5°C by heat from an electric lamp. Occlusion of the middle cerebral artery (MCA) was achieved by a modification of Ta mura's method (1981) . Animals were placed in the lateral posi tion. The MCA was exposed by a transretro-orbital ap proach, without damage to the zygomatic bone. After the dura was opened, the MCA was occluded with microbi polar coagulation over -2 mm at the proximal and distal portions in relation to the olfactory tract. The dura opening was sealed with oxidized cellulose, the soft tissues were allowed to fall back into place, and the wound was closed. Sham operation was performed in the same way except that occlusion of the MCA was not done. The animals were allowed to recover from anes thesia. They were returned to their cages and permitted free access to food and water.
The animals were reanesthetized 30 min before being killed. Cannulas were placed in the femoral artery and vein to measure systemic arterial pressure (SAP) and to sample arterial blood gases, measure hematocrit, and ad minister dye tracer. Plasma osmolality was determined by vapor pressure osmometry, whereas plasma sodium and potassium contents were measured by flame photom etry.
Animals were killed by decapitation within 14 days of MCA occlusion, according to the experimental protocol. The head was frozen in situ with liquid nitrogen and sliced midsagitally by a band saw. Each cerebral hemi sphere was dissected from the frozen skull and stored in dry ice at -70°C.
Brain tissue osmolality
Brain tissue osmolality was measured by vapor pres sure osmometer (M 5100C, Wescor, Inc. ), according to To rnheim's method (1980) . The outer layer of the frozen hemisphere on dry ice was trimmed away to remove sur face CSF. The cortex supplied by the MCA was dissected from both hemispheres; two slices, without fragments, were taken from each. The tissue slice was -4. 5 mm in diameter and 0.5 mm in thickness. The slice on dry ice was transferred immediately to the chamber of the vapor pressure osmometer. The tissue osmolality was measured 5 s later. The osmometer was calibrated using commer cially prepared 100-, 290-, and 1,000 milliosmol (mOsm/ L) standard solutions (Wescor, Inc.), prior to and after sample measurements.
Measurements of brain water, sodium, and potassium contents
The water content of brain tissue was measured by wet and dry weight method. After measurement of brain tissue osmolality, adjacent frozen brain samples were placed in preweighed crucibles and reweighed. Samples were dried to constant weight in an oven at 90-100°C for 2 days. The water content of the tissue was calculated as follows:
water content (%) wet weight-dry weight
The dehydrated samples were homogenized and di gested with 0.75 N nitric acid for 7 days. The concentra tions of sodium and potassium ions were then determined by flame photometry with lithium as the internal stan dard. Electrolyte values were expressed as mEq/kg dry weight.
Blood -brain barrier permeability
Permeability of the BBB was assessed by intravenous injection of 2% Evans blue (2. 5 mllkg) 30 min before the rats were killed. The degree of Evans blue extravasation was grossly evaluated for each frozen brain over dry ice, using a grading scale of 0-3: grade 0, no Evans blue ex travasation; grade 1, small area (1.5 mm in diameter) of slight Evans blue extravasation; grade 2, medium and marked Evans blue extravasation; grade 3, extensive and dark Evans blue extravasation. The incidence of Evans blue extravasation in the samples was calculated as a per centage of the number of animals included in each time study period.
Experimental protocol
Arterial blood pressure, arterial blood gases, hemato crit, plasma osmolality, and plasma sodium and potas sium were measured before death. Seven rats were killed at each of the following times after MCA occlusion: 1, 3, 6, and 12 h and 1, 2, 3, 6, and 14 days. Five rats were killed 1 and 6 h and 1, 3, 6, and 14 days after sham opera tion. Six normal rats were also killed. The normal and sham-operated rats served as controls. The presence or absence of Evans blue was determined, and water con tent, osmolality, and sodium and potassium contents were measured from the same brain cortex after death.
Data analysis
The statistical significance of the results was deter mined by Student's t test, and p < 0.05 was considered significant. Values were expressed as mean ± SE.
RESULTS
General physiological effects
MABP, arterial blood gases, hematocrit (Hct) , plasma osmolality, and plasma sodium and potas sium contents in six normal control animals and 63 animals with MeA occlusion are summarized in Ta ble 1. MABP did not change significantly after MeA occlusion, remaining at -100 mm Hg before and after. Plasma osmolality, Hct, and plasma elec trolytes also did not change after occlusion of the MeA. There were no changes in Paco2, Pao2, or pH throughout each experiment. The data from an imals with MeA occlusion did not differ from that recorded from sham-operated controls.
Blood and brain tissue osmolality
The changes of brain tissue osmolality in 63 an imals killed 1 h to 14 days after MeA occlusion and 36 control animals are shown in Fig. 1 . Brain tissue osmolality in normal control animals was 311.3 ± 2.2 mOsm/kg, similar to the values (309.1 ± 1.3 mOsm/kg) in sham-operated animals. There was no difference in osmolality of brain tissue among an imals killed within 14 days after sham operation.
After MeA occlusion, the osmolality of ischemic brain tissue increased progressively, reached a maximum of 329.6 ± 1.9 mOsm/kg at 3 h, and pla teaued for the next 3 h. These values were signifi cantly higher than those from controls or contralat eral hemispheres. Osmolality then returned to con trol values 12 h after occlusion, where it remained for 14 days after occlusion.
Plasma osmolality in normal and sham-operated control animals was 303.3 ± 1. 0 and 299.8 ± 1.4 mOsm/L, respectively. The osmolality of blood was consistently lower than that of brain tissue. Plasma osmolality did not change in animals with either MeA occlusion or sham operation (Table 1) . Figure 2 shows the osmotic gradient between blood and brain tissue within 14 days after MeA occlusion and sham operation. The osmotic gra dient between blood and brain was 7.6 ± 2.7 mOsmllkg in normal control animals, brain osmo lality being significantly higher. The osmotic gra dient between ischemic brain tissue and blood in creased after the ischemic insult. A significant in crease in the osmotic gradient was found only at 3 and 6 h after MeA occlusion. The values at 3 and 6 h were 25.4 ± 2.6 and 26.1 ± 2.9 mOsm/kg, re spectively.
Brain tissue water content
The changes of water content in 63 animals killed within 14 days after occlusion and 36 control an imals are shown in Fig. 3 . Water content in normal control animals was 79.74 ± 0.20%, similar to the values obtained from sham-operated animals. There was no significant change in water content among animals killed within 14 days after sham operation.
Water content increased significantly in ischemic brain tissue as early as 1 h after occlusion, com pared with that in normal or sham-operated con trols. The increase in water content progressed within 24 h of occlusion, reaching 86.39 ± 0.47% at its maximum. Water content then decreased gradu ally to 84.18 ± 0.74% 14 days after occlusion.
Blood and brain tissue sodium and potassium contents Plasma sodium and potassium contents in normal controls were 139.8 ± 1.3 and 4.2 ± 0.1 mEq/L, respectively. Occlusion of the MeA had no effect on plasma electrolytes. Furthermore, there were no significant changes in plasma sodium or potassium within 14 days of MeA occlusion (Table 1) .
The change of sodium and potassium or sodium plus potassium contents in brain tissue of six normal and 63 animals killed within 14 days after MeA occlusion is shown in Fig. 4 . Sodium content in normal brain tissue was 193.1 ± 5.8 mEq/kg, whereas potassium content was 500.6 ± 12.5 mEq/ kg, similar to that in sham-operated animals.
After ischemic insult, reciprocal changes in tissue sodium and potassium contents occurred concomitantly. Significant changes in sodium and potassium contents were first found 3 h after occlu sion when compared with control or contralateral hemispheres. The sodium content in ischemic brain tissue increased progressively for 2 days after oc clusion, while potassium content decreased. Then, sodium content decreased gradually to 490.0 ± 31.5 mEq/kg 14 days after occlusion, and potassium increased to 316.6 ± 30.6 mEq/kg. In contrast, there was no significant increase in brain sodium plus potassium content within 6 h of occlusion. So dium plus potassium content gradually increased after 6 h to a peak value of 92 2.0 ± 52.2 mEq/kg 2 days after MeA occlusion.
Brain tissue osmolality, water content, and sodium plus potassium contents
The relationship between brain tissue osmolality and water content in control animals and animals killed within 14 days after MeA occlusion is shown in Fig. 5 . The osmolality of brain tissue signifi cantly increased until the increase in water content reached about 20 mg/g brain. The increase in osmo lality no longer correlated with water content when water content rose above 40 mg/g brain.
There was no significant correlation between changes in brain tissue osmolality and electrolyte content of ischemic brain within 14 days of MeA occlusion (Fig. 6A ). In addition, brain tissue osmo lality did not correlate with sodium plus potassium content change in animals with high tissue osmo lality killed within 6 h after MeA occlusion (Fig.  6B ).
Blood-brain barrier permeability
There was no extravasation of Evans blue dye in normal and sham-operated controls. The incidence of extravasation in six normal animals and 63 an imals killed within 14 days after MeA occlusion is shown in Fig. 7 . Extravasation of Evans blue was not seen within 6 h of MeA occlusion. A small focal area of extravasation was first seen in one of seven animals 12 h after occlusion. Evans blue ex travasation was found in only two of 40 animals killed within 1 day of occlusion, when the increase in brain water content reached its maximum of
Cl.. There is no significant increase in sodium plus potassium content within 6 h of occlusion. Sodium content increases until 2 days (D) of MCAO, whereas potassium decreases. P, statistical significance from control or contralateral hemispheres.
86.4%. All animals with Evans blue extravasation had only small and faintly stained lesions. Exten sive and dark staining was not seen. The peak inci dence of Evans blue extravasation occurred 6 days after occlusion in three of seven animals (42 .8 %).
Blood-brain barrier permeability and brain tissue osmolality
The extravasation of Evans blue was not seen in the brain tissue of any animals when tissue osmo lality was significantly increased. The relationship of osmolality between brain tissue with and without Evans blue extravasation is shown in Fig. 8 . Osmo lality in brain tissue with Evans blue extravasation did not differ from that without Evans blue extrava sation.
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FIG. 5. Relationship between changes in brain osmolality and water content after middle cerebral artery occlusion (MCAO). Osmolality in brain tissue increases significantly until the increase in water content reaches -20 mg/g brain.
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DISCUSSION
Various methods have been used to determine brain tissue osmolality. Brain osmolality is usually measured by freezing point depression as a frozen homogenate of tissue with and without saline or the extraction of tissue solute with boiling distilled water (Arieff et al., 1972 ; Bandaranayake et al., 1978 ; Rossmann and Ta kagi, 1976) . The measure ment of brain osmolality is technically difficult to determine accurately because the structure of the tissue interferes with the freezing point method. In the present study, brain osmolality was determined with vapor pressure osmometry, measuring temper ature depression of the dew point in a closed chamber. This technique analyzes unground tissue, avoiding manipulations associated with homogeni zation and/or dilution and thereby improving reli ability.
Our study has shown that the osmolality in normal brain cortical tissue is significantly higher than that in plasma. The osmotic difference be tween blood and brain was �7.6 ± 2.7 mOsm/kg. This finding is consistent with previous studies showing that osmolality of brain tissue is consis tently higher than that of plasma (Brodsky et al., 1956; Stern and Coxon, 1964; To rnheim, 1980) . Be cause our study used a slice of intact brain tissue for osmolality measurement, the high values we found are probably not related to autolytic change or to artifacts induced by tissue preparation. We have suggested, therefore, that normal brain tissue is slightly hyperosmolar compared with plasma.
We have demonstrated that a significant increase in osmolality of ischemic brain tissue is found only at 3 and 6 h after MCA occlusion. Schuier and Rossmann (1980) previously noted that brain osmo lality increases in ischemic tissue within 4 h of MeA occlusion in cats. Bandaranayake et al. (1978 ) also reported increased brain osmolality 2 h after decapitation ischemia in rats. These findings indi cate that cerebral ischemia does cause an increase in the osmolality of brain tissue, but apparently only during the early stages of ischemia. When osmolality was plotted against water con tent in the same tissue, the increase in brain osmo lality correlated with water content until the in crease in water content reached �2 0 mg/g brain. At that time, the osmotic gradient between ischemic brain tissue and blood was �2 6 mOsm/kg. The os motic gradient between blood and brain accounts, at least in part, for early accumulation of edema fluid after the ischemic injury. A significant in crease in this osmotic gradient was not found at 1 h after MeA occlusion, however, despite an increase in water content. Water movement across capillaries into brain tissue contributes to capillary hydraulic conduc tivity and to hydrostatic and osmotic pressure gra dients between blood and brain. We have recently observed, in ischemic brain of cats, that the mecha nism for water passage across the endothelium is related to a hydrostatic pressure gradient between arterial blood and brain tissue (Hatashita and Hoff, 198 6a, b) . However, this hydrostatic pressure gra dient dissipates as tissue pressure in the isch emic cortex rises with time. Thus, the hydrostatic pressure gradient is involved in the formation of ischemic edema, but only during the initial stage. Relationship of osmolality between brain tissues with and without Evans blue (EB) extravasation in animals with BBB damage after middle cerebral artery occlusion (MCAD). The osmolality in brain tissue with Evans blue extravasation is not different from that without Evans blue extravasation.
Our findings suggest that ischemic brain edema is associated with a hydrostatic pressure gradient be tween blood and brain soon after the onset of isch emia and that it is later followed by the develop ment of an osmotic pressure gradient as the isch emic injury progresses.
The increase in osmolality of ischemic brain tissue is presumably due to the accumulation of os motically active substances that ischemia might produce. Some of these substances are electrolytes and serum proteins extravasated from blood. In our study, a net increase of sodium and potassium con tent in brain tissue was not observed within 6 h after occlusion despite an increase in brain osmo lality. Bremer et ai. (1978) reported that chloride in creases slightly in ischemic brain tissue within 24 h after MCA occlusion in monkeys, but the chloride change is small compared with that of other elec trolytes, particularly sodium. Such electrolyte changes in ischemic brain tissue appear to have little direct relationship to the increase in brain os molality that develops transiently.
Serum protein extravasation, marked by Evans blue, was not seen in the ischemic brain tissue with high osmolality within 6 h after occlusion in the present study. Our other study also demonstrated that an increase in BBB permeability to small and large molecules are not found within 6 h of the isch emia onset in the same model (Hatashita and Hoff, 198 8 b) . Previous studies have also shown that the permeability of the BBB to serum albumin is un changed in the early stage of ischemia (O'Brien et aI., 1974; Klatzo, 198 6) . These findings indicate that extravasated serum protein does not play a sig nificant role in the early ischemic edema process even as a colloidal osmotic force. Thus, the in crease in brain osmolality that develops with cere bral ischemia is unrelated to brain tissue electrolyte change and/or the BBB disruption to proteins.
Other factors that account for the increase in os molality are intermediates of anaerobic glycolysis and/or degeneration products of labile compounds in ischemic brain tissue (Chan and Fishman, 1979) . Schuier and Hossmann (1980) noted that glucose or pyruvate content of ischemic brain does not corre late with an increase in brain osmolality, but the ac cumulation of lactate remains important. Hoss mann and Ta kagi (1976) also postulated a release of idiogenic osmoles from brain tissue because the net increase in brain osmolality calculated by these products was below the measured increase of os molality. Moreover, the catabolic products of ne crotic cellular disintegration may induce a pro nounced elevation of osmolality. However, the in crease in brain osmolality we found was only J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 during the early "prenecrotic" stage of cerebral ischemia. It remains unclear why tissue osmolality changes in ischemic brain. The relationship be tween brain osmolality and metabolite change re quires further study. Hossmann and Ta kagi (1976) have reported that high brain osmolality produced by complete cere bral ischemia equilibrates upon reperfusion of isch emic brain in cats. The normalization of brain tissue osmolality is related to improved recircula tion. In our study of permanent arterial occlusion, without recirculation, the increase in brain osmo lality returned to normal by 12 h of occlusion, where it remained. Brain osmolality did not in crease again, even in the late stages, when cerebral ischemia would be expected to cause the appear ance of the catabolic products of necrotic cellular disintegration. Further, brain osmolality did not change in the ischemic tissue, even when sodium plus potassium content and/or the incidence of BBB disruption to protein reached their maximums after ischemic injury. The accumulation of edema fluid in ischemic brain tissue reached its peak at 1 day, at a time when the osmotic gradient that ap peared earlier had equilibrated with blood. Edema fluid that continued to accumulate in ischemic tissue probably dilutes the tissue fluid with os mole producing solutes, resulting in a decrease in brain osmolality.
We conclude that focal cerebral ischemia causes an increase in osmolality of brain tissue, but only during the early stages of ischemia. The increase is not related to changes in brain tissue electrolytes and/or BBB disruption to proteins. The osmotic pressure gradient that develops between blood and ischemic brain tissue as the ischemic injury pro gresses is a driving force for early accumulation of edema fluid.
